The increasing penetration of inverter-based distributed generations (DGs) significantly affects the fault characteristics of distribution networks. Fault analysis is a keystone for suitable protection scheme design. This paper presents the modelling methodology for distribution networks with inverter-based DGs and performs fault simulation based on the model. Firstly, a single inverter-based DG model based on the cascaded control structure is developed. Secondly, a simulation model of distribution network with two inverter-based DGs is established. Then, different fault simulations are performed based on the Real Time Digital Simulator (RTDS). Theoretical analyses are conducted to justify the simulation results, including the equivalent circuit of distribution networks with inverter-based DGs and the solution method for loop currents.
Introduction
In recent years, different kinds of distributed generation (DG) are being connected in distribution networks, such as wind generation and photovoltaic (PV) generation. A great number of power electronic devices are connected to distribution networks due to the integration of inverter-based DGs. Therefore, compared with traditional distribution network, planning and design, control and protection, simulation and analysis for distribution networks with inverter-based DGs are more complicated. This has motivated a considerable number of studies [1] [2] [3] [4] [5] .
Simulation model plays an important role in the research of power system. As a real-time simulation tool designed for power system, Real-Time Digital Simulator (RTDS) are widely used for power system simulation and analysis [6] [7] [8] [9] . One important advantage of RTDS is that it can interface electrical and control signal with physical devices and achieve hardware-in-loop simulation. Thus, the simulation models based on RTDS can be used to test real equipments.
Fault characteristics of distribution networks with DGs are quite different from traditional distribution networks. How to model DG under fault conditions is a prerequisite for fault analysis of the distribution networks with DGs. Researchers have put forward different equivalent models of inverter-based DG to analyze their fault characteristics, such as the current source with a parallel changeable impedance [10] , the voltage source with a series changeable impedance [11] , and the current source controlled by positive sequence voltage at common coupling point (PCC) [12] . In the previous researches, their simulation models contain only one DG. However, in reality, there may be several DGs placed in different locations.
In this paper, single inverter-based DG is modeled firstly based on RTDS. Then, a simulation model for a distribution network with two inverter-based DGs is developed. After that, fault simulations are performed using the simulation model and the results are analyzed briefly. Theoretical analyses are conducted to justify the correctness of simulation results and the effectiveness of control strategy for inverters under fault conditions. A brief summary is presented in the end.
Modeling of inverter-based DG
As one kind of green energy, PV generation has been widely integrated in power supply systems. Since PV generation output direct current, there must be inverters to connect it to AC grid. Therefore, PV is chosen as an example to introduce the modeling process of inverterbased DG in this study.
As shown in Fig. 1 , the single-stage gird-connected PV generation system is composed of primary equipments and control system. The primary equipments include the PV array, inverter, filter inductor, filter capacitor and grid-connected transformer. The control system generates firing pulse for inverter according to specified control strategy. The PV generation system can be built based on the supporting software RSCAD in RTDS.
The commonly used constant P-Q control strategy based on dq synchronous reference frame is adopted in this study. Two different control modes are designed for different operation conditions. Under the normal conditions, DGs only have the active power output. However, during fault conditions, DGs provide extra reactive power support to mitigate the voltage sag at the PCC [13] .
In Fig. 1 , the relationship between output voltage and current of DC/AC converter can be expressed as:
The equation can be transformed into the dq synchronous reference frame:
Let the d-axis and grid voltage vector be in the same direction in dq synchronous reference frame. The active and reactive power output of the inverter can be expressed as [14] :
If we set P and Q as the active and reactive power reference, the corresponding current reference i d and i q under dq synchronous reference frame can be calculated according to (3) .
In normal condition, make DG only output active power, so i Ã q is 0. But in fault conditions, current reference of q-axis will be adjusted according to the voltage sag under the constraint that output current of DG cannot exceed 1.2 times the rated value [15] :
where u 1 is the amplitude of positive sequence voltage (p.u.) at PCC, i d0 is current reference of d-axis before the fault. The main structure of the control system is shown in Fig. 2 . The reference power for DG1 and DG2 is set to 1 MW and 2 MW, respectively. Table 1 shows the parameters of the main components in Fig. 3 .
Fault simulation and calculation
Based on the proposed simulation model in Section 3, large numbers of fault simulations are performed at different locations of the system model. The typical simulation results for three-phase faults and phase-to-phase faults at location f 4 are presented in this section. From Fig. 5 , it can be seen that the current supplied by main source increased greatly, while current supplied by DGs increased slightly under the fault condition, which means that the control strategy for inverter-based DGs can effectively limit the output current of DG.
Three-phase fault

Phase-to-phase fault (A-B)
Set A-B fault with 0.2 s duration at location f 4 . The current waveforms flowing through each line are shown in Fig. 6 . The output current and voltage waveforms of the main source and two DGs are shown in Fig. 7 .
From Fig. 7 , it can be observed that the current of main source has the traditional fault characteristics, such as current of phase A and B increased greatly and the output current became unsymmetrical. However, fault current characteristics of DGs are obvious different. The output current increased slightly and maintained symmetrical under the A-B fault condition.
Current and voltage phasor calculation
In order to present the fault characteristics clearly, current and voltage phasors (steady state components under fault condition) are calculated based on one-cycle Fourier algorithm. The calculation results of the current of phase A flowing through line L 2 , L 3 , L 4 and the voltage of phase A at PCC (M and N) are presented in this subsection.
For the three-phase fault at location f 4 , calculation results are as follows:
Equation (5) show that due to the fault current injections from DG1 and DG2, the magnitude of _ İL 3 A is greater than that of _ İL 2 A , while the magnitude of _ İL 4 A is 
It can be seen from (6) that the calculation results show the similar characteristics as the above three-phase fault results.
Theoretical verification
In this section, the theoretical derivations and calculations are presented to verify the simulation results.
Fault equivalent circuit
To analyze fault characteristics of distribution networks with DGs, the fault equivalent circuit should be established firstly. The output of inverter-based DG is determined by its control strategy. Under fault conditions, the PV generation can be equivalent to a current source controlled by the amplitude of positive sequence voltage at PCC according to (4):
where u 1 is the amplitude of positive sequence voltage at PCC and f(u 1 ) is a nonlinear function. For a given value of u 1 , f(u 1 ) can be calculated according to (4) .
For example, suppose the output current of PV is _ İd g;f ¼ I dg;f ∠θ dg , and the full-voltage at PCC is _ U̇p cc ¼ U pcc ∠ θ pcc . I dg , d and I dg , q can be calculated from (4), and then
þ I dg;q 2 . Let Δθ be the phase angle difference between _ U̇p cc and _ İd g;f , which equals to the power factor angle of PV, φ. Considering (3), the angle φ can be derived from the output active and reactive power: 
In this paper, the fault equivalent model under A-B fault at location f 4 is taken as an example. There are positive and negative sequence components under A-B fault. The positive network contains main source and two PVs, but the negative network has no source because the main source and PV only output positive sequence voltage and current.
The positive sequence network and negative sequence network are illustrated in Fig. 8(a) and (b) , respectively. Here, we suppose that each positive sequence impedance (PSI) equals its negative sequence impedance.
Where. The simplified positive and negative sequence networks are illustrated in Fig. 9 .
In Fig. 9 , the equivalent voltage source and each impedance can be expressed as:
where
According to the boundary conditions, the compound sequence network and its simplification can be drawn in Fig. 10 .
In Fig. 10(b) , the equivalent impedance Z 2 and Z 3 are expressed as:
Solving method
The mesh current method is used to analyze the simplified compound sequence network in Fig. 10(b) . There are three meshes, and the corresponding mesh currents are _ İm 1 , _ İm 2 and _ İm 3 , respectively. The three mesh current equations are as follows:
Write complimentary equations by considering (7):
There are five equations in (11) and (12) 
Especially, there are four nonlinear equations related to f(u m1 ) and f(u n1 ). The Newton-Raphson algorithm is used to solve the equation group in (13) .
During every iteration, the amplitude and phase angle of full-voltage at position M and N need to be calculated. Then I dg1 , f can be calculated according to (4) and θ dg1 can be calculated according to (8) and (9) . I dg2 , f and θ dg2 can be derived in the same way.
Comparisons with simulation results
For three-phase fault, the theoretical analysis results are as follows: 
The comparisons between simulation and theoretical results are shown in Table 2 and Table 3 .
It can be seen from Table 2 and Table 3 that the theoretical results are consistent with simulation results. The relative errors of most quantities are within 5%. All the absolute errors of phasor angles are within 5°under three-phase fault condition, and within 10°under A-B fault condition. The comparisons have shown the effectiveness of the simulations results.
Conclusions
To investigate the fault characteristics of distribution networks with inverter-based DGs, this paper proposes a complete simulation model for a typical distribution network integrated with PV generators based on the RTDS.
The comparisons between the simulation results and the theoretical analysis proved the feasibility of the proposed modeling methodology. Both the fault simulation 
